areas requiring further studies are discussed in light of recent studies in the authors' 1−3 Whether it makes sense from an 23 overall energy balance and practical feasibility perspective, it is 24 hardly debatable that electrochemical (EC) reduction and 25 subsequent hydrogenation/oxygenation of an inert molecule 26 such as CO 2 has considerable fundamental appeal. On the other 27 hand, the energy input needed for the process is considerably 28 ameliorated by the addition of solar excitation of the active 29 material (a photoresponsive semiconductor) such that the CO 2 30 reduction now occurs at 700 mV positive of the thermody-31 namic threshold. Both process variants are hardly new, and the 32 electroreduction concept was first published some 150 years 33 ago. 4 The modern era of CO 2 electroreduction, however, can 34 be traced back to the 1970s and 1980s. The photo-35 electrochemical (PEC) approach first surfaced around the 36 same time, with the seminal paper appearing in 1978. 5 Since 37 then, interest in both the EC and PEC approaches has been 38 frenetic, especially during the past 5 years 39 The one-electron reduction of CO 2 to the radical anion is a 40 high-energy pathway and occurs at a standard potential of 41 −1.90 V in water. 6 On the other hand, the two-electron 42 reduction generates CO via a pathway that is shared by 43 Figure 1b ; 4 h, Figure 1c) The distinct morphological differences highlighted above are 168 also reflected in the electrocatalytic properties of the samples.
169
The first striking variance is manifested in the electroactive Of all the myriad metals that have been used for EC reduction of CO 2 , only copper has shown a proclivity to generate C1−C3 hydrocarbons and oxygenated products.
Thermal annealing of a copper foil generates both copper oxides (i.e., Cu 2 O and CuO), whose relative dominance can be tracked by X-ray powder diffraction (XRD). containing a large number of exposed (100) The Cu x O/Cu interface is remarkable in the range of products that have been reported from EC and PEC reduction of CO 2 . 263 (chloride and bromide) as precursors (cf. Figure 5) , in situ X-264 ray absorption spectroscopy (XAS) has revealed that copper(I) 265 Electrode and Reactor Designs for EC and PEC Reduction of 289 CO 2 . The vast majority of the initial studies were confined to 290 stationary laboratory-scale batch reactors in both cases. 291 Electrode designs also come into play. For example, a porous 292 hollow fiber copper electrode with a compact three-electrode 293 geometry has been shown to provide a large-area three-phase 294 boundary for CO 2 EC reduction. 39 Borrowing from the fuel cell 295 playbook, a GDE provides for operation at pressures higher 296 than the ambient. 9 Solid-oxide fuel cells also provide for a 297 matrix for performing CO 2 electrolysis at higher temperatures 298 with concomitant improvements in process thermodynamics 299 and kinetics. 9 Energy efficiencies for various CO 2 electrolyzer 300 designs have been compared. 3 The challenge here is to 301 simultaneously secure high values of energy efficiency and 302 cathodic current density. Reactor designs for PEC reduction of 303 CO 2 have been reviewed. 13 In our own studies of a continuous-304 flow PEC reactor (CFPR) for CO 2 reduction, interesting shifts 305 in product distribution away from C1 (methanol) to longer 306 chain products were observed because of the small volume in 307 the cathode microchannel and consequential ease of coupling 308 of the initial electrogenerated precursors.
28 309 Future Outlook. In summary, this Perspective has highlighted 310 the important fact that morphological evolution of the 311 (photo)cathode during the complex steps involved in the 312 addition of electrons and protons to CO 2 has similar 313 underpinnings in both EC and PEC reduction scenarios. 314 Nonetheless and as pointed out earlier, the chemical changes 315 undergone by the copper oxide surface during CO 2 (photo)-316 reduction need not be considered a fatal flaw in the use of this 317 intriguing material. Many natural assemblies (e.g., the plant 318 photosynthesis apparatus) do indeed undergo self-repair 319 mechanisms after exposure to high photon fluxes. In a similar 320 fashion, a periodic reactivation step to regenerate CO 2 321 reduction activity may be built into the overall process design 322 to combat too deep of a reduction of the copper oxide layer. 
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